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Abstract— Integrated waveguide biosensors, when combined 
with fluorescent labeling, have significantly impacted the field of 
biodetection.  While there are numerous types of waveguide 
sensors, the fundamental excitation method is fairly consistent: 
the evanescent field of the waveguide excites a fluorophore whose 
emission is detected, either directly via imaging or indirectly via a 
decrease in power transfer.  Recently, a sensor device was 
demonstrated which is able to back-couple the emitted light into 
the waveguide, allowing the signal to be detected directly.  
However, this previous work focused on the development of an 
empirical model, leaving many theoretical questions unanswered.  
Additionally, the results from the novel back-coupling route were 
not compared with the results from the more conventional 
imaging technique.  In the present work, we develop finite 
difference time domain simulations to predict the sensor’s 
performance both in air and aqueous environments.  We also 
perform complementary experiments to verify the modeling, 
measuring the fluorescence coupled into the waveguide and 
radiated perpendicular to the waveguide.  Finally, we performed 
spatiotemporal measurements of the fluorescence on the 
waveguide.  Utilizing these measurements, we are able to 
measure the fluorescent decay rate of the fluorescent dye at 
arbitrary points along the length of the waveguide.   
 
Index Terms—modeling, waveguides, transducers 
I. INTRODUCTION 
NTEGRATED optical devices based on waveguides, 
resonators and lasers have been a focus of research over the 
past few decades and have emerged as a robust approach to 
performing chemical and biological sensing [1-4]. One 
advantage of optical sensors over other commonly used 
modalities, such as electrical and mechanical, is the higher 
resistance to environmental, electrical and mechanical noise 
sources, improving the signal-to-noise ratio of the device [5-
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6]. For example, optical sensors are able to perform detection 
across a wide range of pH environments, whereas electrical 
sensors can have difficulties, as the pH can interfere with the 
electrical signal [7-8]. 
 In recent years, many groups have taken upon the 
challenge of miniaturizing these sensing platforms and 
integrating them on to a single chip.  In addition to the 
fundamental transducer or sensing element, it is also necessary 
to integrate sample delivery, excitation sources and detectors 
[9-12]. 
 One very robust approach is based on an embedded 
waveguide sensor integrated in a microfluidic chamber.  To 
enable specificity in the sensing platform, a sandwich 
fluorescent immunoassay is typically used.  In this approach, 
the surface of the waveguide is functionalized with one 
antibody which is specific to the molecule of interest (antigen) 
and which is used to pull the antigen out of solution.  
Subsequently, a secondary fluorescently labeled antibody is 
exposed to the waveguide and binds to the antigen.  The 
evanescent field of the waveguide excites the fluorophore and 
this emission provides the detection signal.  By using the 
sandwich pair on the antigen, the specificity of the detection is 
improved [13-15]. 
 Conventionally, this emitted fluorescent signal is 
detected by monitoring the light radiated above the 
waveguide.  However, as researchers are pursuing more 
integrated schemes, this approach has proved problematic.  
New, fully integrated methods to collect and detect 
fluorescence signals could lead to pathways that enable these 
sensing platforms to become more compact lab on a chip 
(LOC) devices. 
 One phenomenon that could provide a pathway for the 
necessary simplification of these systems is based on the back-
coupling of the fluorescent signal into the waveguide.  The 
dipole radiation from a bound fluorescent molecule typically 
radiates each photon in a single, non-controlled direction.  
When placed above a dielectric stack, dipoles such as a bound 
fluorescent molecule can radiate preferentially in one direction 
or another.   Depending on the refractive index contrast 
between the waveguide and the fluorophore, this radiated light 
can preferentially couple into the waveguide as well, resulting 
in a detectable signal [16-17]. This back-coupling could allow 
higher efficiency data collection and enable more fully 
integrated devices.  However, current waveguiding devices 
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which exhibit this effect are based on stacked dielectric 
waveguides. Therefore, subtle changes in the refractive index 
contrast, caused by environmental changes, can significantly 
impact not only the device performance but also the back-
coupling effect.  As such, the ideal detection method will 
depend greatly on the refractive index contrast. Additionally, a 
rigorous theoretical model which describes this effect and the 
regimes of operation for waveguides has not been developed. 
Fig. 1 schematically demonstrates the two paths of 
fluorescent radiation which can be monitored.  In the present 
work, fluorescent measurements are taken using both the 
conventional method (monitoring fluorescence from above, 
vertical emission) and the back-coupling method (power 
transmitted through the waveguide, end emission) as shown in 
Fig. 1.  A complementary theoretical model based on 2D and 
3D FDTD simulations is also developed.  The results are 
compared to the theoretical predictions and used to determine 
the optimum detection route for different index regimes. 
 Additionally, a variation on the classic fluorescent 
measurement is performed.  Instead of measuring the total 
fluorescence emitted vertically, the emission is quantified 
along the waveguide in a spatiotemporal manner.  
Specifically, the bright area of fluorescent radiation that 
slowly propagates down the length of the waveguide as the 
fluorescent dye bleaches is monitored.  Using these 
measurements, fluorescent decay curves are created.  This 
measurement approach provides additional information as 
compared to the more conventional cumulative technique and 
could allow for selective excitation of different regions of the 
waveguide.   
II. EXPERIMENTAL METHODS AND MODELING 
A. Computer Modeling and Simulations 
We modeled the waveguide devices using both 2D and 3D 
Lumerical finite difference time domain (FDTD) software.  
FDTD simulations solve for a numerical solution to 
Maxwell’s equations as light propagates in time.  By using a 
simulation method that takes into account time-variation, we 
were able to run simulations to investigate the mechanism of 
the fluorophore coupling into the waveguide.  In addition, the 
amount of light which was coupled was quantified. 
 The device geometry was defined using the 
experimentally provided design specifications (Fig. 2).  In 
addition, to account for variations in fabrication, we varied the 
number of dipoles, dipole spacing, dipole orientation, cladding 
thickness, and cladding index and sensing well index 
according to Table I.  To minimize computation time, the 
majority of the simulations were performed in 2D.  However, 
to ensure the accuracy of the 2D simulations, a three-
dimensional simulation was also performed using the exact 
parameters of the devices provided, and similar results were 
obtained.   
 For our simulations, we used dipole radiation sources 
operating at 642 nm to model the emitting fluorophores.  The 
device was monitored over a length (L) of 500 μm directly 
around the sensing well region (Fig. 2). The length scale of 
500 µm was chosen because we wanted to allow the light 
coupled into the waveguides to settle into a steady-state 
propagating mode.  We monitored the total power the 
fluorophores emitted, as well as the power radiated above the 
waveguide, below the waveguide, and radiated to the left and 
right within the waveguide.  The placement of the power 
monitors in the simulation can be seen in Fig. 2.  It is 
important to note that the power monitors extend 0.2 µm into 
the cladding in order to capture power from the evanescent 
field of the guided mode, which also extends approximately 
0.2 µm beyond the waveguide core.  The waveguide core (n2) 
was modeled as silicon nitride with a refractive index of 1.98, 
and the cladding (n1) was modeled as silica with a refractive 
index of 1.4355. 
 In the initial simulations, we varied the distance between 
adjacent dipoles (D) and the relative angle of the dipoles (ϕ1 
and ϕ2). This additional component to the modeling allowed us 
to study how the interactions between individual fluorophores 
can affect the overall coupling efficiency into the waveguide.  
We ran simulations with 10 dipoles oriented in three different 
patterns.  For these simulations, the thickness of the cladding 
layer (t) was varied from 8 to 12 nm, and the refractive index 
of the cladding above the waveguide (n1) was varied from 1.4 
to 1.6.   These thickness and refractive index ranges were 
selected as they represent the tolerance on the material 
deposition.  Finally, we ran simulations with 10 dipoles in a 
fixed orientation, in which we varied the refractive index of 
the sensing well (n3).  We chose the refractive index ranges as 
they cover the typical range in biological solutions.  
 All 2D simulations were run with a minimum mesh size 
of 0.25 nm and a simulation length of 3 ps.  Because we ran 
2D simulations, the accuracy of the simulations was set to 3 in 
order to have accurate results but allow the simulations to 
finish within a reasonable amount of time.  The simulations 
were run using Lumerical’s sweep function.  For these sweeps, 
we only monitored the transmitted power through each of the 
power monitors, including the transmission box monitor 
surrounding the dipoles.  The transmission box monitor was 
included to measure the total power being emitted by the 
fluorophores, which was used for normalizing our results. 
B. Device Design and Fabrication 
The embedded waveguide devices were fabricated using the 
procedure described in previous work [18], with one 
additional step.  In order to accurately measure the emission of 
the fluorophores from the end using the schematic shown in 
Fig. 3, it was necessary to cleave the end of the devices using 
a dicing saw followed by polishing, thus exposing both the 
input and output ends of the waveguide.  The waveguides are 
approximately 8.6 mm long after the cleaving step.  The main 
body of the waveguide is 100 µm wide and 0.2 µm thick.  As 
shown in the schematic in Fig. 2, the devices have a sensing 
well or region of the device where the upper cladding has been 
mostly removed, enabling the evanescent excitation of 
fluorophores.  The sensing well is approximately 4.6 mm long. 
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C. Experimental Setup and Measurements  
To simulate the emission from a fluorescently labeled bio-
layer, we used LD-700 perchlorate laser dye dissolved in 
toluene.  The laser dye absorbs at 658 nm and emits at around 
680 nm when dissolved in toluene.  This dye was selected due 
to its robustness and high quantum yield in both air and liquid 
environments [19].  Two different sets of experiments were 
performed to verify the simulation results.  In the first set, the 
dye was suspended in solution, and in the second set, the dye 
was deposited on the surface.  This approach allowed two 
distinctly different refractive index contrasts to be studied.  
Additionally, in the case of the dry film experiments, the dye 
is located in the precise region where one would expect 
fluorescence-tagged molecules to bind to a functionalized 
device used for biosensing.  We determined that the 
evanescent field of the fundamental mode of the waveguide 
extends approximately 0.2 µm beyond the waveguide core, 
which is more than enough penetration into the sensing well to 
excite the fluorescent dye. 
 To compare the emission which is coupled into the 
waveguide and the emission which is radiated from the top, a 
complementary pair of measurements is performed.  In the 
first, the power which is transmitted through the waveguide is 
measured and in the second the power which is radiated from 
the top of the device is measured.  For all measurements, light 
from a 658nm laser (Thorlabs, 14 mW max power) was 
coupled into the waveguide device using a lensed fiber (OZ 
Optics) (Fig. 3).  Top- and side-view cameras are used to 
monitor and align the lensed fiber.   
 To isolate the dye emission from the coupled laser light, 
a bandpass filter (ThorLabs, 680 nm center wavelength, 10 nm 
FWHM) was placed between the end facet of the waveguide 
and a fiber-coupled spectrograph (Andor), which was used to 
monitor the transmitted power from end emission (Fig. 3a).    
To measure the power radiated perpendicular to the 
waveguide (vertical emission), the spectrograph tip was placed 
directly over the waveguide, with the notch filter located 
between the waveguide and the spectrograph fiber (Fig. 3b).  
In both experimental approaches, data was acquired at a rate 
of 1 sample/second using a background scan to normalize the 
data and remove any pump laser light from the data that was 
not filtered out by the bandpass filter.  Using the dry films, 
additional imaging experiments were performed to study the 
spatiotemporal excitation of the dye.  These measurements 
utilized the top-view camera with the notch filter to monitor 
the fluorescence.  The camera settings were optimized (1 
frame per second, 997.56 ms exposure time, and 5 MHz pixel 
clock) in order to effectively capture the fluorescent signal on 
video.  We analyzed this data using a custom LabView 
program that measured the intensity of columns of pixels at 
every horizontal pixel position on the camera image for every 
frame of a given video.  The result is that we can measure the 
fluorescence decay of horizontal positions on the waveguide 
with a resolution of one pixel.  This means that the resolution 
of this analysis is limited only by the resolution of the camera 
used to obtain the video.  Furthermore, we can also visualize 
how the bright fluorescence area travels down the waveguide 
length and measure its propagation rate. 
In addition to the fluorescence measurements, we also 
characterized the transmission loss of every device before use 
to check for fabrication errors or imperfections.  For this 
measurement, we focused light from the output of the 
waveguide onto a power meter (Thorlabs) using an aspheric 
lens.  We compared the output power from the waveguide to 
the output power from the lensed fiber to determine 
transmission loss plus coupling loss.   
III. RESULTS AND DISCUSSION 
The transmission loss measurements verified the uniformity 
of the device fabrication process across wafers.  Utilizing a 
simulation to estimate the coupling loss from the lensed fiber 
into the waveguide, we calculated the transmission loss of the 
waveguides to be approximately 0.3 dB/cm. 
The primary results from the modeling are summarized in 
Fig. 4-6.  The data is shown as the percentage of optical power 
coupled into the waveguide (propagating to either the left or 
the right of the dipoles, end emission), the percentage of 
optical power radiated above the waveguide (vertical 
emission) and the percentage of optical power radiated below 
the waveguide, into the substrate.  The percentage is 
calculated by dividing the transmitted power from the 
monitors around the waveguide and above the waveguide by 
the total power radiating from the dipoles in the simulation.  
Calculating these percentages allows us to directly compare 
different points in the same simulation sweep, for which the 
dipole orientations are different.  It also gives us a unitless 
number which we can directly compare to the experimental 
results. 
 In Fig. 4, the results from our two-dipole simulation 
(Table I, Model 1) are shown.  From the figure, it is easy to 
conclude that with just two dipoles, the percentage of power 
coupled into the waveguides can vary dramatically.  Generally 
speaking, when both dipoles are oriented perpendicularly to 
the waveguide (ϕ = 90º), more power is coupled into the 
waveguide; however, this is not the case for every dipole 
spacing.  This is to be expected, because a dipole radiates 
much less energy parallel to its axis of oscillation.  When the 
dipole oscillates parallel to the waveguide very little light is 
radiated in the direction of the propagating modes of the 
waveguide. 
 Other than indicating that the distance and angle between 
two dipoles can have a large impact on the amount of light 
coupled into the waveguide, these simulations alone do not 
provide enough insight into the practical operation of the 
waveguide biosensor device.  One unique aspect of the 
modeling was studying the dependence of the coupling on the 
placement and orientation of the dipoles.  The percentage of 
power coming out both ends of the waveguide (end emission), 
the percentage of power radiating above the waveguide 
(vertical emission), and the percentage of power lost into the 
substrate below the waveguide is strongly dependent on the 
relative angle and distance between the dipoles.  This indicates 
that in order to accurately model these devices, we need to 
consider how they react to a being covered by very many 
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fluorophores, not just one or two. 
 We report the results of our first ten-dipole simulation 
(Table I, Model 2) in Fig. 5.  The orientation pattern of the 
dipoles is indicated on the graphs with arrows.  From this 
figure, we can see that when multiple dipoles are used, the 
percentage of power radiating above the waveguide (vertical 
emission), the percentage of power coupled into the 
waveguide (end emission), and the percentage of power lost 
into the substrate below the waveguide are more consistent 
across variations.  In fact, certain variations, such as the 
thickness of the cladding layer in the sensing well have little to 
no impact on the distribution of power from the dipoles.  
Varying the index of refraction of the cladding layer has 
slightly more impact on the distribution of radiated power, but 
the variations are still usually less than one percentage point. 
 These results provide significant insight into both the 
operation of the waveguide device and the device tolerance to 
variation in fabrication.  For example, small variations in the 
waveguide film thickness do not affect the overall device 
performance significantly.  The only exception is in the case 
where all the dipoles are oscillating parallel to the waveguide, 
in which case the coupling was very small.  However, this is 
an unrealistic scenario, and therefore we can expect that with a 
large number of randomly oriented fluorophores, these 
variations will tend to go away, and we will see that an 
average distribution of radiated dipole light coupled into the 
waveguide and radiated above the waveguide will emerge 
similar to the percentages seen in Fig. 5b/e/h. 
 Additionally, changes in the refractive index of the 
environment can have an impact.  As seen in Fig. 6, when we 
varied the refractive index of the liquid in the sensing well in a 
second ten-dipole simulation (Table I, Model 3), the light 
radiated both above the waveguide and coupled into the 
waveguide (vertical emission and end emission) both 
increased.  The light radiated below the waveguide decreased.  
Although the ratio of light radiating above to the light coupled 
into the waveguide remained fairly constant, the overall 
efficiency of operation increases since less light is lost into the 
substrate. 
 We compared the results of the simulations to the 
measurements taken with the spectrograph.  Since the 
spectrograph measures light in arbitrary counts, we 
normalized our data according to the following formula: 
 
𝑂 = 𝑊/(𝑊 + 𝐴)              (1) 
 
Where the output of the device, O, is equal to the amount of 
light coming out of the waveguide, W (in counts or 
percentage), divided by the sum of the amount of light coming 
out of the waveguide and the amount of light radiated above 
the waveguide, A (in counts or percentage).  Since the data 
obtained from the simulations is in percentage of total power 
radiated from the dipoles, using the formula above we can 
directly compare the output of the device from experimental 
results to the output from the simulations. 
 Fig. 7 shows the spectrograph spectra taken from the 
output of the waveguide (end emission) and from above the 
waveguide (vertical emission) from the experiments in which 
the laser dye was suspended in liquid, as well as spectra taken 
from these locations before the dye solution was applied to the 
device.  You can see from the initial spectra that the pump 
laser is completely filtered out from the wavelength range 
where the dye emission peak is, indicating that the signal 
picked up by the spectrograph is completely from the 
fluorescent dye.  There are some slight artifacts around the 
pump laser center wavelength (Fig. 7 inset) which arise due to 
how the spectrograph applies background scans when 
normalizing data.  On the through, with dye and above, with 
dye lines, dips around the pump center wavelength arise 
because the dye is absorbing the pump laser, causing the 
power at those wavelengths to be less than the initial 
background spectra.  From the figure, you can see that dye 
emission collected from both above the waveguide and the 
output of the waveguide have a spectral peak at around 680 
nm.  This is consistent with spectrofluorometer data we took 
of the dye dissolved in toluene, and means that the 
spectrograph is measuring only the laser dye emission. 
 From this data, we can obtain the amount of light that is 
radiated above the waveguide (vertical emission) and the 
amount that couples into the waveguide (end emission).  
Because the bandpass filter cuts off a portion of the 
fluorescence peak, we did not integrate the peak to obtain the 
amount of light above the waveguide and through the 
waveguide.  Instead, we used the number of counts at the 
fluorescence peak as an indicator of the amount of light 
radiated in each direction.  The peak counts for light radiated 
above the waveguide is about 8100, and the peak counts for 
light coupled into the waveguide is about 1400.  In order to 
directly compare the simulation and experiment, we double 
the counts collected from the waveguide, as we only collected 
light travelling in one direction in the waveguide, not in both 
directions as in the simulation.  From these peak counts, we 
can calculate the output, O, as defined in (1), to be 0.257, and 
the output from the simulations ranges from 0.278 to 0.327. 
 As you can see from the results, there is good 
experimental agreement with the simulations.  This confirms 
our simulation model and indicates just how much light one 
can expect to couple into the waveguide mode for this device.  
These results also give insight on ways to increase the 
efficiency of the performance of this device.  For example, the 
alignment and spacing of the fluorophores relative to the 
waveguide is very significant.  By designing a surface 
functionalization that would create an optimal spacing 
between the fluorophores and from the cladding surface to the 
flurophores, one could expect to see performance gains. 
 One reason there is a slight disparity between the 
simulation results and the experimental results is due to a 
difference of the refractive index of the liquid in the sensing 
well in the simulation and the experiment.  Additionally, 
differences arise due to a limited numerical aperture of the 
spectrograph tip.  Due to the spectrograph’s limited numerical 
aperture, alignment was very important when conducting 
experiments and slight misalignments caused some 
experimental error.  Alignment error and the refractive index 
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difference of the liquid in the sensing well easily account for 
the difference in output between the simulations and 
experiments. 
 The data in Fig. 7 is only from measurements taken while 
the laser dye was still suspended in toluene.  We found that 
when we let the toluene dry into a film, the back-coupling 
signal was below the detection threshold of the spectrograph.  
Therefore, the only measurements we made with dry films of 
laser dye were the spatiotemporal fluorescence measurements. 
 Fig. 8 shows spatiotemporal fluorescence measurements 
taken with a camera and analyzed using a custom LabView 
program we developed.  These measurements were performed 
with a dry film of laser dye.  In Fig. 8a, time vs. normalized 
intensity is shown at different positions along the waveguide.  
In each graph, you can see a fluorescence excitation and decay 
curve, and you can see that the position of this curve is shifted 
back in time for positions further down the waveguide.  This 
indicates that the fluorescent dye absorbs nearly all of the light 
at a given position, and it is not until that fluorescent emission 
begins to decay (the dye begins to bleach) that the pump 658 
nm laser light can travel further down the waveguide.  
Additionally, it appears that there are two distinct decay 
regimes that appear at all the different positions on the 
waveguide.  While the reason for these two regimes is 
unknown, it is possible that they are simply a characteristic of 
the dye itself.  When fit to an exponential decay curve, the two 
regions tend to have slightly different time constants.  This 
could be indicative of different paths of bleaching within the 
dye [20-21]. 
 In Fig. 8b, position vs. normalized intensity graphs are 
shown at various points of time during the experiment.  In 
each graph, you can see where the bulk of the emitted 
fluorescence is on the waveguide.  Looking at all the graphs, it 
is clear that the peak fluorescence moves down the waveguide 
as time progresses.  This further indicates that the fluorescent 
laser dye is absorbing nearly all the pump 658 nm light until it 
begins to bleach, allowing dye further down the waveguide to 
absorb the light.  It is interesting to note that the shape of the 
fluorescence peak remains relatively unchanged as it 
propagates down the length of the waveguide.  Also, after the 
main peak passes, there are a few brighter spots left on the 
waveguide, which are likely due to clumps of dye that formed 
when the liquid dried on the surface of the device.  These 
bright spots and some other noise indicate that the dye 
probably did not completely bleach over the course of this 
experiment.  Given the clear dependence on the fluorescence 
properties of dye in Fig. 8, it is straightforward to conclude 
that the density of the dye on the surface of the device also 
plays a role.   
 These spatiotemporal measurements demonstrate the 
usefulness of our system for a number of interesting 
fluorescent-dye based applications [22-24].  For example, the 
device and measurement system could be used to characterize 
decay rates of fluorescent dyes operating in various 
application-specific scenarios.  One could conjugate a dye 
with biomolecules, surface-functionalize the device for use as 
a sensor, and measure how the fluorescent dye bleaches under 
specific sets of conditions.  This type of measurement could 
provide valuable insight into how signals from waveguide-
based fluorescence biosensors change over time.  
Additionally, one could use these spatiotemporal fluorescence 
measurements to perform cascading assays, in which the 
waveguide sensor is functionalized for different analytes along 
its length.  As the fluorescence spot propagates down the 
waveguide, you could expect to see different signals for each 
analyte present in solution.  This type of measurement opens 
up the possibility for very complex multiplexing on a single 
sample or device that could be useful in detection of complex 
analytes or signatures in a given solution sample.  Complex 
multiplexing and rapid fluorescence characterization are 
attractive for simultaneously improving utility and cost of 
LOC devices. 
IV. CONCLUSIONS 
We have developed and verified a rigorous theoretical 
model for both the back-coupling and the vertical radiating 
detection schemes for embedded waveguide sensors.  Using 
two extremes of refractive index contrast, we demonstrated 
that the stacked dielectric waveguides could be operated in 
either mode; however, depending on the type of experiment, 
one approach may have advantages over the other.  
Furthermore, we have demonstrated that the back-coupling 
effect is very constant with respect to fabrication tolerances.  
This makes leveraging this effect attractive for many different 
kinds of sensing applications, including further miniaturization 
of sensing platforms, which is desirable for truly LOC devices. 
 Finally, we have developed a system to perform 
spatiotemporal measurements using the unique geometry of 
the waveguide biosensor device in conjunction with a 
fluorescent laser dye.  Utilizing these measurements, we are 
able to produce fluorescence decay curves at arbitrary points 
along the length of the waveguide, which could be useful for 
determining the fluorescent characteristics of fluorescent dyes 
or labels in various environments.  We envision that these 
spatiotemporal fluorescence measurements could also be used 
to achieve more complex multiplexing and cascading assays.  
These complex assays could greatly expand the scope of 
optofluidic and biophotonic sensing devices and LOC devices 
in general [24-25]. 
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Fig. 1. Schematic diagram indicating emission paths for fluorescent radiation 
which can be experimentally monitored.  Fluorophores in the sensing well can 
radiate vertically above the device or their radiation can back-couple into the 
waveguide resulting in end emission.  This diagram does not show the laser 
light used to excite the fluorophores. 
 
 
Fig. 2. Schematic diagram of device geometry used for simulations.  D is 
distance between dipoles, ϕ1 and ϕ2 are angles of alternating dipoles, t is the 
thickness of the cladding in the sensing well, L is the length of the simulation, 
and n1, n2, and n3 are the refractive indices of the cladding, waveguide core, 
and sensing well, respectively.  The locations of power monitors in the 
simulation are indicated by red lines, and the extent of the simulation region is 




Fig. 3. Schematic of testing set-up.  Light is coupled into the device from the 
left via a lensed fiber, and output is collected with a filter and spectrograph a) 




Fig. 4. Results from 2-dipole simulation (Model 1).  Graphs show, for 
different dipole spacing and angles, the percentage of optical power a) 
coupled into the waveguide, b) radiating above the waveguide, and c) lost into 
the substrate below the waveguide. 
 
 
Fig. 5. Results from the first 10-dipole simulation (Model 2).  Graphs show 
the percentage of optical power a), b), c) back-coupled into the waveguide, d), 
TABLE I 








ϕ1 (º) ϕ2 (º) n1 n3 
1 0.010 0.1-0.8 2 0-90 90 1.4355 1.33 
2 0.008-
0.012 
0.1 10 90, 90, 0 90, 0, 
0 
1.4-1.6 1.33 
3 0.010 0.1 10 90 0 1.4355 1-1.4 
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e), f)radiating above the waveguide and g), h), i) lost into the substrate below 
the waveguide for different dipole orientations.  The dipole orientation 





Fig. 6. Results from the second 10-dipole simulation (Model 3).  Percentage 
of total power coupled into the waveguide, radiated above the waveguide, and 
lost into the substrate below the waveguide for different refractive indices of 







Fig. 7. Spectrograph spectra taken from the output of the waveguide 
(through), and above the waveguide (above), with and without fluorescent dye 
on the device.  Inset shows a close-up of the wavelength region around the 
center wavelength of the pump laser. 
 
 
Fig. 8. Spatiotemporal measurements of the fluorescent dye film on the 
device.  The bright fluorescent area slowly propagated down the length of the 
waveguide, and a) shows normalized intensity as a function of time for 
various positions on the waveguide, while b) shows normalized intensity vs. 
position on the waveguide for various times during the experiment.  In a) the 
graphs are in order of position down the waveguide, whereas in b) the graphs 
are in order of increasing time during the experiment. 
 
